Abstract: Phaseolus vulgaris L. is one of the most consumed and documented legumes in regard to its grain composition, but little is known about P. coccineus L. To evaluate and compare the phenolic compound content and antioxidant activity between landraces of P. coccineus and P. vulgaris, a total of 14 accessions of P. coccineus and P. vulgaris were collected from farmers in Oaxaca, Mexico. Based on reference standards and spectrophotometry, the polyphenol, flavonoid and anthocyanin contents were quantified, and the antioxidant activity was determined by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method. The results showed significant differences (p ≤ 0.05) between species and accessions, where P. coccineus and P. vulgaris significantly differed in their contents of polyphenols, flavonoids, and anthocyanins, as well as their antioxidant activity in the seed coat and cotyledons. Higher concentrations were found in the seed coat than in the cotyledons for both species. P. vulgaris had a higher anthocyanin content in the seed coat and a higher flavonoid content in the cotyledons than P. coccineus, but it did not for the other compounds tested. There was high variability among the accessions that were classified into four phenotypic groups: Two of P. coccineus, one of a P. coccineus-vulgaris mixed group, and one group of P. vulgaris.
Introduction
The genus Phaseolus (Fabaceae) includes more than 400 species, five of which are the best known, including-in order of commercial importance-Phaseolus vulgaris L., Phaseolus coccineus L., Phaseolus lunatus L., Phaseolus acutifolius A. Gray., and Phaseolus dumosus Macfady. All have their origin, domestication and diversification in America. The first three have a worldwide distribution [1] [2] [3] . In Mexico and Central America, the greatest diversity of P. vulgaris and P. coccineus are conserved in situ as part of the traditional cultivation systems, backyards and forests [2] . These regions have the greatest diversity of indigenous groups and ethnolinguistic variants [4, 5] .
P. vulgaris is one of the most documented species of the genus Phaseolus in regard to grain composition, including its polyphenol profile [6] ; phenols, flavonoids, and carotenes content, as well as their antioxidant activity [7] [8] [9] ; and antinutritional agents, such as trypsin, tannins and lectins [10] . In the case of P. coccineus, the concentration of phenolic acids [11] , proximal analysis and mineral content have been determined [12, 13] . In specific cases, it was observed that the content and composition of P. vulgaris grains differ from those of P. coccineus. For example, cyanidin-3-glucoside, 
Sample Preparation
A sample of 100 g of seeds from each accession was left to soak in distilled water for 12 h at 25 • C, followed by the manual separation of the seed coat from the cotyledons; after this separation, they were handled separately. Subsequently, a 3 g sample of seed coat and another similar portion of cotyledons were homogenized (DAIHAN-brand HG-15-A Gonju-Si, Gangwon, Republic of Korea) with 25 mL of 70% acidified acetone (acetone:water:acetic acid, 70:29.5:0.5, v/v/v) according to the method described by Aquino-Bolaños et al. [29] . Each extract was centrifuged at 4000 rpm for 20 min at 10 • C (Hettich centrifuge, Universal 32R, Tuttlingen, Germany), and the supernatant was recovered. Again, the process was repeated a second time under the same conditions, and, finally, both supernatants were mixed for use in the analyses.
Evaluation of Polyphenols, Flavonoids, Anthocyanins, and Antioxidant Activity
Total polyphenols. They were determined by the method described by Singleton and Rossi [30] , and the reaction absorbance was measured at 750 nm in a UV-visible spectrophotometer (Jenway 6305, Bibby Scientific Ltd., Dunmow, Essex, UK). The quantification was performed based on a standard curve of gallic acid (0.020 to 0.165 mg mL −1 ), and the results were expressed in mg equivalents of gallic acid per gram of dry sample (mg GAE g −1 dw).
Total flavonoids. The spectrophotometric evaluation of the total flavonoids was based on the method reported by Zhishen et al. [31] . The absorbance of total flavonoids was measured at 510 nm, and quantification was performed based on a standard curve of (+)catechin (0.012 to 0.121 mg mL −1 ). The values were expressed in mg equivalents of catechin per gram of dry sample (mg CE g −1 dw).
Monomeric anthocyanins. The anthocyanin content was determined by the differential pH method described by Giusti and Wrolstad [32] . Two dilutions of the extract were made, one with potassium chloride buffer at pH 1.0 and the second with sodium acetate buffer at pH 4.5, diluting each by the previously determined dilution factor. Subsequently, a spectrophotometer was used to generate an absorption spectrum in the range of 460-710 nm to determine the maximum absorbance. The concentration of monomeric anthocyanins (MA) was calculated according to the following equation: AM = (A*PM*FD*1000)/(ε*I), where the absorbance of sample A corresponds to (Aλ510-Aλ700) pH 1.0 − (Aλ510-Aλ700) pH 4.5; MW = 449.2 is the molecular weight of cyanidin-3-glucoside; ε = 26,900 g/mol is the molar absorptivity of the cyanidin-3-glucoside; FD is the dilution factor used; and I is the cell length (1 cm). The results were expressed as mg of cyanidin-3-glucoside per gram of dry sample (mg C3G g −1 dw).
Antioxidant activity. The antioxidant activity was evaluated by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method reported by Brand-Williams et al. [33] . A 100 µL sample of the extract was reacted with 2.9 mL of DPPH reagent and allowed to stand for 30 min at room temperature. The absorbance was measured using a UV-vis spectrophotometer (Shimadzu UV-1800, Kyoto, Japan) at 517 nm using 80% (v/v) methanol as the target. To quantify the antioxidant activity, it was performed based on the inhibition percentage of a standard 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) curve in a concentration range of 0.13-0.79 µmol equivalents of Trolox per mL. The results were expressed in micromoles of Trolox equivalents per gram of dry sample (µmol Eq. Trolox g −1 dw).
Statistical Analysis
A database with all results was integrated, and an analysis of variance was performed using a completely random design with the nesting of accessions within species. Comparisons among species and accessions were made by the Tukey method (p ≤ 0.05). Subsequently, a cluster analysis of hierarchical clustering was performed based on the averages of each variable by accession using the Ward method. Once the groups were defined, a canonical discriminant analysis was performed to test the variability and dispersion of accessions as a function of the phenolic compound content and antioxidant activity. All statistical analyses were performed using SAS software [34] .
Results
According to the description of the seeds by accession, P. coccineus presented a variation of 16.2-18.2 mm in length, 9.3-12.9 mm in width, 6.4-8.5 mm in thickness, 14.2-92.0 g in weight, and 62.5-183.5 mL in volume for 100 grains. In the case of P. vulgaris, the length, width and thickness of seeds varied from 9.1 to 10.2, from 5.3 to 5.7 and from 3.9 to 4.3 mm, respectively. The weight and volume of 100 grains of P. vulgaris ranged from 12.9 to 14.8 g and from 61 to 62.5 mL, respectively. The descriptive statistics showed the substantial differences in the larger dimensions, volume and weight of P. coccineus seeds compared to P. vulgaris, although the concentration of compounds may have another pattern of variation.
In the analysis of variance, significant differences were determined among species and accessions within species for the polyphenol, flavonoid, and anthocyanin contents, as well as the antioxidant activity by DPPH. Likewise, as a function of the magnitude of the mean squares value, it was estimated that the variance due to species source is greater than the variance among accessions of the same species (Table 2 ). This indicates that the variation between species is greater than that within each species and reflects part of the evolutionary differences between P. coccineus and P. vulgaris [35, 36] . The average composition and antioxidant activity in the seed coat and cotyledons of P. coccineus were significantly different from those of P. vulgaris, such as in regard to the polyphenols, flavonoids and antioxidant activity (by DPPH) of the seed coat, and the polyphenols and antioxidant activity of the cotyledons were higher in P. coccineus than those in P. vulgaris. However, in regard to the monomeric anthocyanin content in the seed coat and flavonoids in the cotyledons, the concentrations were greater in P. vulgaris than those in P. coccineus (Table 3) . In this case, the monomeric anthocyanin content in P. vulgaris was nine times higher than in P. coccineus, although the latter has a larger seed size and consequently a greater amount of tissue in the seed coat. Additionally, the results show that polyphenol contents, the flavonoid contents, and the antioxidant activity in the seed coat are significantly higher than those in the cotyledons, and, for this reason, the seed coat is now of greater interest as a food supplement and for the processed food industry.
The variation evaluated of phenolic compounds and antioxidant activity within P. coccineus and P. vulgaris showed different patterns among species. For example, for anthocyanin contents, P. coccineus presented a variation of 0.15-1.37 mg C3G g −1 , and in P. vulgaris, the variation was 3.72-9.65 mg C3G g −1 in the seed coat. Therefore, depending on the accessions evaluated, the results indicate an intraspecific differentiation in the seed coat anthocyanins within each species. For the polyphenol contents of the seed coat and cotyledons, P. coccineus accessions with higher phenol contents in the seed coat also showed high values in the cotyledons, and a similar trend was observed for P. vulgaris accessions with a lower phenol content in the seed coat, as they also had a lower content in the cotyledons (Table 3) . For the flavonoid content, four P. coccineus accessions stood out with values of 20.2-26.3 mg CE g −1 dw in the seed coat and from 0.30 to 0.40 mg CE g −1 dw in the cotyledons, which differed from all P. vulgaris accessions, as they showed variation between accessions of 10.6-13.7 and 0.30-0.50 mg CE g −1 dw of flavonoids in the seed coat and cotyledons, respectively. This outcome indicates that the variability between P. coccineus accessions is greater than that between P. vulgaris accessions and that there is greater homogeneity in the latter (Table 3) .
For the seed coat antioxidant activity by DPPH, it was determined that five P. coccineus accessions had the highest values within a range of 1261.0-1789.2 µmol Eq. Trolox g −1 dw. In the case of P. vulgaris, only one accession had a value of 1132.0 µmol Eq. Trolox g −1 dw, while the other accessions showed a variation of 874.2-922.9 µmol Eq. Trolox g −1 dw. This same pattern is repeated for the antioxidant activity in the cotyledons; however, the variation between P. coccineus accessions was 7.18-13.52 µmol Eq. Trolox g −1 dw, and that of P. vulgaris was from 6.0 to 8.98 µmol Eq. Trolox g −1 dw (Table 3) . The results show that the antioxidant activity is significantly higher in the seed coat than that in the cotyledons for both species, and some P. coccineus accessions stand out.
In the clustering and discriminant analysis (Figure 1 ), the differences and similarities between accessions and species in relation to the polyphenols, flavonoids and anthocyanins content and antioxidant activity in the seed coat and cotyledons were statistically and graphically determined. In the cluster analysis, four contrasting groups were determined: Two P. coccineus (G1 and G2) groups, an intermediate group called P. coccineus-vulgaris (G3) because it was composed of two P. coccineus accessions (SL-01 and SL-02, ID-Accessions) and two P. vulgaris accessions (Bart and AIS, ID-Accessions), and a fourth more compact group composed of four P. vulgaris accessions (G4: SDA, SS-02, SJP and SS-01, ID-Accessions) (Figure 1a) . These results show that there are differences and similarities between P. coccineus and P. vulgaris, not only in the plant, pod, and seed characteristics but also in the grain composition. 
Discussion
In the general description of seeds, it was determined that P. coccineus accessions had significantly greater seed length, width, thickness, weight, density and volume than those of P. vulgaris accessions. The different dimensions, among other factors, are due to characteristics inherent to the species and are influenced by agroecological factors, cultivation practices and places of origin [37] [38] [39] . The accessions used in this work came from the cultivation plots of farmers in Oaxaca and one from Veracruz, Mexico, where the P. coccineus variations are highly preferred for the preparation of traditional dishes [40] . The significant differences found between P. vulgaris and P. coccineus in grain composition (Tables 2 and 3 The scatter plot of the discriminant analysis presented in Figure 1b shows that P. coccineus accessions are located predominantly on the left side and P. vulgaris accessions are on the right side. Thus, four P. coccineus accessions (G1), located in the upper left quadrant, differ from the group of P. coccineus located in the lower left quadrant (G2); then, there is an intermediate group near the center referred to as the P. coccineus-vulgaris combined group (G3), and finally, four P. vulgaris accessions (upper right) are preferably associated with a higher anthocyanin content in the seed coat and higher flavonoids in the cotyledons. In contrast, P. coccineus showed a lower content of anthocyanins but higher concentrations of phenols and flavonoids, as well as a higher antioxidant activity.
In the general description of seeds, it was determined that P. coccineus accessions had significantly greater seed length, width, thickness, weight, density and volume than those of P. vulgaris accessions. The different dimensions, among other factors, are due to characteristics inherent to the species and are influenced by agroecological factors, cultivation practices and places of origin [37] [38] [39] . The accessions used in this work came from the cultivation plots of farmers in Oaxaca and one from Veracruz, Mexico, where the P. coccineus variations are highly preferred for the preparation of traditional dishes [40] . The significant differences found between P. vulgaris and P. coccineus in grain composition (Tables 2  and 3 ) suggest that the species have different absorption capacities, translocation and storage of flavonoids, polyphenols and anthocyanins in the cotyledons and seed coat, and these contents are reflected in the antioxidant activity. These interspecies differences were also documented by Onylagha and Islam [41] in regard to the specific contents of flavonoids in the stem and leaves, as well as anthocyanins in the seeds and leaves. In P. coccineus, luteolin and epigenin were determined in the stem and leaves, while in P. vulgaris, kaempferol and quercetin were identified. In the case of anthocyanins in seeds, delphinidin and cyanidin were identified in P. vulgaris, and only cyanidin was identified in P. coccineus. The differences between P. vulgaris and P. coccineus documented by Onylagha and Islam [41] for flavonoids in the stem can explain part of the differences found in our study in respect to the major content of catechins (flavonoids, mg CE g −1 ) and gallic acid (polyphenols, mg GAE g −1 ) in the seed coat of P. coccineus relative to P. vulgaris. The differences found reinforce the theory that there is an ability to make different nutritional and nutraceutical contributions that are complementary to health through the consumption of P. vulgaris and P. coccineus because different bioactive compounds are concentrated in the grain.
In both P. vulgaris and P. coccineus, there was a greater accumulation or concentrations of polyphenols, flavonoids and anthocyanins in the seed coat than in the cotyledons, and, specifically, the amount of anthocyanins in the cotyledons were below the estimated levels. This pattern was also reflected by the greater antioxidant activity in the seed coat than that in the cotyledons (Table 3) . Quiroz-Sodi et al. [11] determined a similar trend of a higher polyphenol content in the seed coat than that in the cotyledons for P. coccineus and P. vulgaris. These trends indicate that the largest amount of bioactive compounds accumulate in the seed coat (e.g., anthocyanins) and not in the cotyledons; in the latter structure, the carbohydrates and protein are accumulated instead [42] .
Yoshida et al. [14] and Macz-Pop et al. [15] have documented that different anthocyanins are concentrated in P. coccineus grains, and they differ from those found in P. vulgaris. Though specific anthocyanins were not tested in this study, it was determined that P. vulgaris presents a higher content of anthocyanins in the seed coat than that in P. coccineus, a pattern that is repeated with the flavonoid content in the cotyledons. The results are opposite in regard to the polyphenol content and antioxidant activity in the seed coat and grain, as well as the flavonoid content being higher in the seed coat of P. coccineus (Table 3 ). This suggests that P. coccineus and P. vulgaris should be considered complementary foods, and in the rural communities of Mexico and Central America, they are complemented with the consumption of flowers [28] .
Regarding the intraspecific variation of phenolic compounds and antioxidant activity, the results showed high variation in P. coccineus and lower variations in P. vulgaris. In this case, all P. vulgaris accessions visually showed a black seed coat, unlike P. coccineus accessions that varied in color from dark-gray to brown and black (Table 1 ). In the latter case, P. coccineus accessions with dark gray, brown, and red seed coats showed a higher phenol content in the seed coat than that in black P. vulgaris accessions with the exception of one (SS-02), as seen in Table 3 . The same trend was also tested in P. vulgaris by Ombra et al. [43] in different traditional varieties from Italy. This finding was reversed for the anthocyanin content in the seed coat; the accessions with higher contents were P. vulgaris compared to those of P. coccineus, and this indicates that anthocyanins are determinants of the black color in the seed coat.
The SMT, Z-03 and Z-04 accessions of P. coccineus stood out for their phenols, flavonoids and antioxidant activity in the seed coat and grain, and in the case of P. vulgaris, SS-02 was the best (Table 3) . This indicates that within each species, there are accessions that can be used directly to improve the communities' nutrition or implement a program of genetic improvement towards greater nutritional quality of stand-out grains. That is, few genetic improvement programs of Phaseolus have used grain composition as a selection criterion, and the accessions studied here for both P. coccineus and P. vulgaris are a starting point for a plant breeding program. However, it is necessary to complement them with studies of the amino acid content and other bioactive compounds (e.g., tannins).
The four phenotypic groups classified by the cluster analysis indicate that four P. vulgaris accessions were homogeneous, having similarity in their composition, with an intermediate group of P. coccineus-vulgaris, and two groups of P. coccineus (Figure 1a) . The results show a greater dispersion or variability in the phenolic compounds and antioxidant activity between P. coccineus accessions than that between P. vulgaris accessions, a fact that is confirmed in the scatter plot of the discriminant analysis (Figure 1b) , where two distant groups of P. coccineus, independent of the P. vulgaris accession group, are noted. The diversity evaluated of P. coccineus and P. vulgaris with respect to seed composition reflects part of the genetic diversity present in Mesoamerica that was evaluated by Sicard et al. [44] .
Conclusions
Based on the community of origin of the accessions and plant material evaluated to determine the phenolic compounds and antioxidant activity, it was concluded that P. coccineus and P. vulgaris significantly differ in their contents of polyphenols, flavonoids, and anthocyanins, as well as their antioxidant activity in the seed coat and cotyledons. However, both species had greater concentrations in the seed coat than in the cotyledons. P. vulgaris had a higher anthocyanin content in the seed coat and a higher content of flavonoids in the cotyledons than that in P. coccineus, but it did not have such for the other compounds evaluated. There was high variability between the accessions evaluated, and, specifically, P. vulgaris accessions had slightly more than double the anthocyanins compared to those of P. coccineus. The variability measured between accessions was classified into four phenotypic groups: Two of P. coccineus, one P. coccineus-vulgaris combined group, and one group of P. vulgaris with greater homogeneity in phenolic compounds and antioxidant activity. Both species are a source of complementary polyphenols, flavonoids and anthocyanins that can be used to improve the diet in rural communities where there is greater access to P. vulgaris and P. coccineus. Other studies are necessary to determine their potential in preventing some chronic degenerative diseases. Likewise, it is important to promote the cultivation of P. vulgaris and P. coccineus native species in their place of origin, enhancing them in situ and using them as a cheaper source of food. 
